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torque magnetic random access memory (SOT-MRAM) are
provided. A unit cell of a device can comprise a ferromag-
netic (or ferrimagnetic or antiferromagnetic) layer on the
heavy metal layer, and a current source configured to trans-
mit either non-collinear current pulses in the heavy-metal
layer or two perpendicular currents 1n the heavy metal layer.
The current pulses exhibit a phase difference, and the
magnitude of a sum of the respective current pulses 1s
constant (1n i1ts simplest form) and the flow direction of the
pulses 1s time-dependent.

18 Claims, 4 Drawing Sheets




US 11,276,814 B2

Page 2
51) Int. Cl 2015/0200003 Al* 7/2015 Buhrman .............. HO1L. 43/08
(51)
GO6N 10/00 (2022.01) | | | | 365/158
C11C 11716 (2006.01) 2016/0225424 Al 82016 Qiu et al.
C11C 11/18 (2006.01) 2016/0267961 Al 9/2016 Lee et al.
Ul 2017/0229160 A1 82017 Ma et al.
HOIL 27/22 (2006.01) 2017/0279038 Al 9/2017 Wu et al.
HOIL 43/06 (2006.01) 2018/0033956 Al* 2/2018 Hyunsoo ................. HO1L 43/10
H01L 43/10 (2006.01) 2018/0106873 AL*  4/2018 WU oevvoeeeoeoi GO1R 33/093
HO3K 19/18 (2006.01) 2018/0166197 Al* 6/2018 Wang ............ee...... HO1L 43/06
HO3K 19/20 (2006.01)
(52) U.S. CL OTHER PUBLICATIONS
CPC .......... G1IC 1171675 (2013.01); G11IC 11/18

(2013.01); HOIL 27/222 (2013.01); HOIL International Search Report in International Application No. PCT/

1103 K‘?;{/o]% (2200113?; 0011);_ I[I{%I‘g?{i‘ggfo(zzo 01 13 3001 1) ; ;ﬁiﬁiogl 5;9 ja?.,l e‘(‘if Z;mz-i}ti(t) ltirque switching scheme with

_ _ ( ' )" ( ' ) collinear magnetic easy axis and current configuration,” Nature

(58) Field of Classification Search Nanotechnology, Jul. 2016, 11:621-626, Macmillan Publishers Lim-
CPC ... ‘Gl‘lC 11/161; G11C 11/18; Gllc 11/1675 ited.

See application file for complete search history. Liu, L. et al., “Spin-Torque Switching with the Giant Spin Hall

Effect of Tantalum,” Science, May 4, 2012, 336:555-558.

Lee, J. M. et al., “Oscillatory spin-orbit torque switching induced by
field-like torques,” Communications Physics, 2018, 1(2):1-7.
Sateer, C. K. et al., “Spin-orbit torque magnetization switching

(56) References Cited
U.S. PATENT DOCUMENTS

9,691,458 B2* 6/2017 Ralph HOLF 10/3263 controlled by geometry,” Nature Nanotechnology, Feb. 2016, 11:143-
0741414 B2 82017 Qiuetal. 147, Macmillan Publishers Limited.
10,559,747 B1* 2/2020 Li ..ocooviiiiiinininnnnn, HO11. 43/04

10,686,127 B2*  6/2020 Wu ....ccoovvvieininn, HO11. 43/10 * cited by examiner



US 11,276,814 B2

Sheet 1 of 4

Mar. 15, 2022

U.S. Patent

-
-, my aF ua b

-
L]
+

.r.r.T .T
L R R N

e,
T
wmmpin”
pacacca
]
© .
” .

)
"

- "
i

Lo
N

e i
g
iR

{;

L |
Loal LLSL TS PR PSEBEL ST BSYPSY FRL PV POR IR FRLPSLBSL L PSLISY FRL PSP,




U.S. Patent Mar. 15, 2022 Sheet 2 of 4 US 11,276,814 B2

FIG. 3
oV
1 200
210
cell 1
240

J:’f & | \\\\ﬂlﬂ%\%

. R
SN
M
Tyt Ty




U.S. Patent Mar. 15, 2022 Sheet 3 of 4 US 11,276,814 B2

ﬁiﬂ

r
'r'r'r'rJrJrJrl'll A

-W_&_kkf.:#iii

ks
* e e ™
“ihﬁ######ﬁ###li

. --b -k-l"l"l'-k L i.:.

) AL

Fatay 4‘&*4-;;; AL
I'

ﬁ-_-l'##lrlrlr*'rlr#'r

q-

)
¥
e e e e et el et e )
@ J@Hﬁﬁ
4- L)
»

»
# L # #‘.#*l‘*ﬁ*i *ﬁ‘ﬁ I*i‘-l‘lii L

LR X WO e




U.S. Patent

Mar. 15, 2022

.i

ix
&2
%3
$
%3
L3
: %3
%
%,
&

i, i, ~li. ol o, ol ol ol ol ol ol ol ol ol Al ol ol ol Al Al A

Sheet 4 of 4

il o, ~li. ol o, ol ol ol Al ol ol ol ol ol ol Al ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol Al ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol ol

s ¢4} =00

- = 004, 400
-~ =004, 302

##################################################

US 11,276,814 B2

#########################



US 11,276,814 B2

1

SPIN-ORBIT TORQUE MAGNETIC RANDOM
ACCESS MEMORY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. national stage application of
International Patent Application No. PCT/IB2018/0013529,

filed Nov. 282018: which claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/707,998, filed Nov. 29,
2017, each of which 1s hereby incorporated by reference 1n
its entirety including any tables, figures, or drawings.

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/707,998, filed Nov. 29, 2017,
which 1s hereby incorporated by reference in its entirety
including any tables, figures, or drawings.

TECHNICAL FIELD

This disclosure relates to methods and devices capable of
writing and processing data with very low current density
for magnetic (ferromagnetic or ferrmagnetic or antiferro-
magnetic) random access memory at sub-nanosecond speed.

BACKGROUND OF THE INVENTION

Spin-orbit-torque magnetic random access memory
(SOT-MRAM) 15 believed to be the next generation of data
storage and logic cells that have separated read and write
paths. Conventional magnetic field induced magnetization
reversal 1s a matured technology that suflers from scalability
and field localization problems for nanoscale devices. Spin-
transier-torque magnetic random-access memory 1s an alter-
native technology in nano-spintronics, however 1t 1s ham-
pered by Joule heating, device durability, and reliability
1SSUes.

In a SOT-MRAM device, an electric current in the heavy
metal layer generates a pure spin current through the spin-
Hall efiect that flows perpendicularly into a magnetic layer.
The spin current produces spin-orbit torques (SOT) through
spin angular momentum transfer and/or the Rashba eflect.

SOT-MRAM 1s a promising technology because charge
current does not pass through the memory cells and there-
fore the cells do not suffer from i1ssues related to Joule
heating. In principle, such devices are infimitely durable due
to negligible heating from the spin-current. However, the
clectric current density required to generate a large enough
SOT for a magnetization reversal is in the order of 10*'~10"~
A/m”. To have a reasonable switching speed (order of GHz),
the current density should be larger than 10'* A/m?*, which
1s too large for many devices. Therefore, 1n order to make
use of the SOT-MRAM, the current density must be lowered
by at least one order of magnitude.

BRIEF SUMMARY OF THE INVENTION

This briel summary provides a basic understanding of
some aspects of the disclosed systems, methods, and
devices. This summary 1s not an extensive overview of the
disclosure. It 1s mntended to neither identify key or critical
clements of the disclosure nor delineate any scope of par-
ticular embodiments of the disclosure, or any scope of the
key features. Its sole purpose 1s to present some concepts of
the disclosure 1n a simplified form as a prelude to the more
detailed description that 1s presented later.

In accordance with one or more embodiments and corre-
sponding disclosure, various non-limiting aspects are
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2

described 1n connection with systems and methods for
SOT-MRAM. In an embodiment, two alternating electric
current flows are applied non-collinearly or (in the simplest
form) perpendicularly 1n the heavy-metal layer of a ferro-
magnetic/heavy-metal bilayer and/or multiple layers. In an
aspect, the phases of the two alternating currents are corre-
lated such that the total current density magnitude 1s con-
stant (1n the simplest case) while its direction rotates 1n a
desirable way. In another aspect, an array of such elements
can be readily integrated to form the basic architecture of an
MRAM device. The minimal reversal current density in this
setup can be as low as 10° A/m* The current density
magnitude required to reverse the magnetization i a few
nanoseconds is around 10° A/m*, which is lower than the
value required 1n conventional schemes.

The following description and the drawings set forth
certain 1llustrative aspects of the disclosure. These aspects
are 1indicative, however, of but a few of the various ways 1n
which the principles of the disclosure may be employed.
Other aspects of the disclosure will become apparent from
the following detailed description of the disclosure when
considered in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a)-1(¢) illustrates an example of a SOT-MRAM
clement that contains a ferromagnetic/heavy-metal bilayer
with two currents flowing perpendicularly in the heavy-
metal layer.

FIG. 2 illustrates another example of SOT-MRAM ele-
ment that contains a ferromagnetic/heavy-metal bilayer with
two currents flowing non-collinearly such that the total
current has an angle ® from the x'-axis 1n the heavy-metal
layer.

FIG. 3 illustrates an example of two cells that are con-
nected by a current J, where each cell 1s a spin valve
structure or other normal spintronics memory devices.

FIG. 4(a) illustrates an example of a logic device, where
the current I', from the cell 1, which depends on the state of
cell 1, 1s used to control the state of the cell 2. Each cell 1s
a spin valve structure or other normal spintronics memory
devices. FI1G. 4(b) 1llustrates an example of a logic device
where the current I'; from the cell 1, which depends on the
state of cell 1, and the current I', from the cell 2, which
depends on the state of cell 2, are used to control the state
of the cell 3. Each cell 1s a spin valve structure or other
normal spintronics memory devices.

FIG. 5(a) 1s a plot illustrating a comparison of the
minimal reversal currents as functions of damping constant
between the herein described scheme and a conventional
scheme. FIG. 5(b) 1s a plot illustrating the minimal reversal
currents as functions of field-like torque strength. FIG. 5(¢)
1s a plot illustrating an example of the current pulse used to
switch the magnetization using the herein described systems
and methods. FIG. 5(d) 1s a plot illustrating an example of
the trajectory of magnetization reversal of the herein
described systems and methods.

FIG. 6 1s a plot illustrating reversal time as a function of
current density magnitude.

DETAILED DISCLOSURE OF THE INVENTION

T

The following disclosure and exemplary embodiments are
presented to enable one of ordinary skill 1n the art to make
and use a SOT-MRAM device according to the subject
invention. Various modifications to the embodiments will be
readily apparent to those skilled 1n the art and the generic
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principles herein may be applied to other embodiments.
Thus, the devices and methods related to the SOT-MRAM
device are not intended to be limited to the embodiments
shown, but are to be accorded the widest scope consistent
with the principles and features described herein.

SOT-MRAMs are memory devices to process and trans-
port binary information. The information 1s encoded by the
magnetization direction in the magnetic layer of an SOT-
MRAM element, where one SOT-MRAM element includes
a composite structure of ferromagnetic (or ferrimagnetic or
antiferromagnetic)/heavy-metal bilayer or multiple layers
and associated electrodes. The processing of data, 1.e. the
manipulation of magnetization, 1s realized by SOT gener-
ated by the electric current passing through the heavy-metal
layer.

In a ferromagnetic/heavy-metal bilayer or multiple layers,
an electric current 1n the heavy-metal layer generates a pure
spin current flowing into the magnetic layer by the spin-Hall
ellect. The spin current generates SOT via spin angular
momentum transier and/or the Rashba eflect.

An electric current of constant magnitude and time-
dependent tflow direction in the heavy-metal layer can be
used to reduce the electric current required to reverse the
magnetization and accelerate the magnetization reversal
speed. This can be realized by using two or even more
non-collinear currents, for example two perpendicular cur-
rents, passing through the heavy-metal layer.

FIG. 1(a)-1(c) shows a ferromagnetic 100/heavy-metal
110 bilayer that can achieve magnetization reversal through
SOT generated by an electric current with time-dependent
flow direction. The ferromagnetic layer 100 comprises either
an in-plane magnetic material or an out-of-plane magnetic
material. The in-plane magnetic material can be or include
at least one of permalloy, yttrium 1ron garnet, Fe, Co, NiFe,
CoFeB, YIG, GdFe, and/or any other soit or hard magnetic
material. The out-of-plane magnetic material can comprise
at least one of CoFeB, Co, CoFe, GdFe, GdFeCo, and/or any
other magnetic material with strong crystal anisotropy. The
heavy-metal layer 110 can be formed of at least one of Ta,
Pt, W, Pd, Bi,Se,, and/or other strong spin-orbit coupling
material. The ferromagnetic 100/heavy-metal bilayer 110
lies 1n the x'y'-plane. m=m, and m=-m,, are two stable points
of the system 1n the absence of an electric current where m
1s the unit direction of the local magnetization M=Mm with
saturation magnetization M. An xXyz-coordinate i1s defined
where the z-axis 1s along m, and the y-axis 1s in the
x'y'-plane. 0, and ¢, are the polar and azimuthal angles of m,
in x'y'z'-coordinate. Two electric currents with time depen-
dent magnitudes are applied along the x'- and y'-directions.
The magnitude of the total current 1s kept a constant so that
the electric current vector is J=J cos ®Xx'+] sin ®Y', where
(between J and X' is time-dependent, as shown in FIG. 2.

Two or more cells can be electrically connected where
cach cell can be a ferromagnetic/heavy-metal bilayer, spin
valve structure, or other normal spintronics memory devices.
FIG. 3 shows an example that two cells with spin valve
structures are connected by a current J. Each cell can be
structured similarly. An antiferromagnetic layer 200 can be
used to fix the magnetization of layer 210. The fixed layer
210 1s separated from a free layer 230 by a spacer 220. The
free layer 230 can be on a heavy metal layer 240.

Logic devices can be also realized by using one or more
cells to control other cells. FIG. 4(a) shows an example, 1n
which one cell can control another cell. The current I', from
the cell 1, which depends on the state of the cell 1, 1s used
to control the state of the cell 2. FIG. 4(b) shows another
example that two cells can control one cell. The current I',
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from the cell 1, which depends on the state of cell 1, and the
current J', from the cell 2, which depends on the state of cell
2, are used to control the state of the cell 3. Each cell 1s a spin
valve structure or other normal spintronics memory devices.
Theretore, the unit cells seen 1n FIGS. 1-4 can be used to
realize logic gates, including but not limited to AND, OR,
NOT, NAND, NOR, and XOR gates.

The electric current can generate a spin current into the
magnetic layer by the spin-Hall effect, and an effective SOT
on the magnetization can be produced:

—_—
T =—amx(mx3)+pamxs,

where the first and second terms on the right-hand-side
are respectively the Slonczewski-like torque and field-like
torque. The spin-polarization direction 1s s=IxZz' where J is
the unit vector of current tlow. The dimensionless coellicient

L
4T neg S

where 7, e, d and O.,, are respectively the reduced Plank
constant, the electron charge, the thickness of magnetic
layer, and the spin-Hall angle. 3 measures the strength of
field-like torque.

Under an in-plane current tflowing in the heavy-metal
layer, the magnetization dynamics 1s governed by the gen-

cralized dimensionless Landau-Lifshitz-Gilbert (LLG)

equation,
dm " dm _,
— = —mX +amX — + T,
o1 ch ot

where the Gilbert damping constant a 1s typically much
smaller than unity, and the eftective field 1s h_~-V & trom
the energy density &. Time, magnetic field and energy
density are respectively in units of (yM)™', M and u,M”* with
v the gyromagnetic ratio and u, the vacuum magnetic
permeability.

It 1s convenient to describe m by a polar angle 0 and an
azimuthal angle ¢ 1n the xyz-coordinate. In terms of 0 and
¢, the generalized LLG equation becomes

(1+a2)é=k€ﬁ;¢+ase—[3&3¢+a(k€ﬁ;e—a3¢—|3ase)EF i

(1+[12)(i) sin 0=-#_gotasy+Pase+ull gy +asg—Pas,)
=/,

where

de
DO~ §infdd

de
hfff?,g = —ﬁ and A

Sg and s, are sg=cos 0, sin(P-¢,) cos O cos p—cos(DP-¢,) cos
0 sin ¢-sin O, sin(D-¢,,) sin 6 and s,=-cos 6, sin(P-¢,) sin
p—cos(D-¢,) cos ¢.

One can find the optimal current pulse ®(t) by which the
reversal current can be much lower, and the magnetization
reversal time from 0=0 to 0= for a given current magnitude
1s the shortest. The optimal current pulse can be solved by
the Fuler-Lagrange equation:

oD 40

dF a’(

a¢ o i ]

OF d
B(Ap/00)) dD (

OF
a(a@/ae)]’
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where F=(1+c°)/F, +,LG with the constraint

d¢
%sm@ﬂ -y =G =0.

A 1s the Lagrange multiplier that can be determined seli-
consistently by the Euler-Lagrange equation.

Consider a umiaxial system as an example where the
casy-axis 1s along the z'-axis and the energy density function
is e=—K cos® 0 with K the anisotropy coeflicient. Through
rigorous mathematical calculation, the optimal current pulse
in our proposal can be solved from the Euler-Lagrange
equations:

O :tan_l(l _wﬁms&?] +o+n(f<—a)
@+ f3 ’
& = tan ( .y CGSQ]+¢>(5} —),

such that the reversal time from 0=0 to 0=m 1s the shortest.
There is a singular point f=-c which leads to 6=0 when the
magnetization reaches the equator 0=m/2, so that there 1s no
current pulse can reverse the magnetization over 0=r/2.

The time evolutions of 0 and ¢ under the optimal current
pulse are described as follows:

o

=T laP(8) — aKsin26]
o

siné

2Kcost —ala + B)(1 — aff) PO |

¢

142

with P(B):\/(a+[3')2+(1—(1[3)%0326. Then one can find the
relation between 0 and current magnitude J from the expres-
sion of a as follows:

DeuoM*d

J =
hif sy P(0)

[(1 + a0 + wKsinQQ].

Because 0 should not be negative to realize a magnetization
reversal, one can find the theoretical limit of minimal
reversal current J . by setting the lowest 0 to be zero:

B Q{ZHEKdQ
coT QSHﬁ "

where all quantities are in their natural umnits, and
Q=max{sin 26/P(0)} for 6€[0, x].
The trajectory of magnetization reversal 1s

N
f,t»(e):f ? a0
0o @

One can also find the time-dependence of 6 as 0(t)=t™"(0)
with t(8)=/,%d6"6. Once ®(8,¢), ¢(6) and 8(t) are known,
the time-dependent ¢ and ® can be found as ¢(t)=¢(0(t)) and
O(1)=PO1),¢(1)).
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FIG. 5(a) compares the minimal reversal current of a
conventional setup J “° with that of herein described J . In

the case of p=0,

JE€ =

QEﬂgMd Hﬁ( H
Ospi N

NG

where H . =2K/(u,M), and a magnetic field H along the
current flow 1s required for deterministic reversal. A nonzero
B8 can tune J “° from the above equation. In FIG. 5(a), the
damping-dependence of J_ 1s plotted as black curves for
various {3, while J ““ are plotted by gray curves. The expres-
sion of J . shows that the minimal reversal current 1s scaled
by the damping constant of the ferromagnetic layer. For a
typical magnetic material used in SOT-MRAM, the damping
constant 1s on the order of 0.001, and even 10-5 for popular
Yttrium-Iron-Garnet (Y1G), therefore, the minimal reversal
current Je can be three to five orders of magnitude lower
than that of a conventional setup.

FIG. 5(b) plots 1. vs 3/ for various a. I . decreases with
Pl when f<-a and >0, while ] increases with 3| when
—-a<3<0. FIGS. 5(c) and 3(d) show an example of the
optimal current pulse and the corresponding trajectory of
magnetization reversal. The parameters are M=3.5x10"
A/m, K=1.54x10* J/m>, 0=0.004, f=0.2 and 0.,=0.25 to
mimic commonly used material CoFeB/Ta where Ta 1s
found to have less eflect on the damping constant ¢, and the
current magnitude is J=8.5x10° A/m*. Under the optimal
current pulse, J =3.26x10° A/m~ which is far below
J 7°=0.6x10'° A/m* obtained recently. With J=8.5x10"
A/m?, the magnetization can be reversed over 6=m/2 within
a few nanoseconds under the optimal current pulse. In FIG.
6 the shortest reversal time T under the optimal current pulse
1s plotted as functions of current magnitude J. With increas-
ing current magnitude, the shortest reversal time quickly
reduces to the order of nanoseconds.

For a perpendicularly magnetized layer, the herein
described methods and systems can achieve field-free mag-
netization reversal by using an electric current with time-
dependent flow direction, while a magnetic field or
exchange bias are required in a conventional reversal
scheme. The magnetization can be reversed from 0=0 to
O=n, while the conventional reversal scheme can only
reverse the magnetization to a direction near /2 resulting in
a reliability problem. By reversing the current direction of
the optimal current pulse, the magnetization reversal from
O0=n to 0=0 can be easily realized.

Embodiments of the subject invention can also be applied
to other cases like in-plane magnetized layer, bi-axial anisot-
ropy, or even nonzero magnetic field, where one can solve
the Fuler-Lagrange equations to find the corresponding
optimal current pulse and then achieve a much lower rever-
sal current and the shortest reversal time for a given current
magnitude. Embodiments of the subject invention can be
used 1n a quantum computing structure.

All patents, patent applications, provisional applications,
and publications referred to or cited herein are incorporated
by reference 1n their entirety, including all figures and tables,
to the extent they are not inconsistent with the explicit
teachings of this specification.

It should be understood that the examples and embodi-
ments described herein are purposes only and that various
modifications or changes in light thereotf will be suggested
to persons skilled 1n the art and are to be included within the
spirit and purview of this application and the scope of the
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appended claims. In addition, any elements or limitations of
any invention or embodiment thereol disclosed herein can
be combined with any and/or all other elements or limita-
tions (individually or 1n any combination) or any other
invention or embodiment thereot disclosed herein, and all
such combinations are contemplated with the scope of the
invention without limitation thereto.

What 1s claimed 1s:

1. A SOT-MRAM device comprising a first unit cell, the
first unit cell comprising:

a heavy metal layer;

a ferromagnetic layer on the heavy metal layer; and

a current source configured to transmit non-collinear

current pulses 1nto the heavy-metal layer,

wherein the current source 1s configured to transmait

respective non-collinear current pulses with a phase
difference between them, and wherein a magnitude of
a sum ol the respective non-collinear current pulses 1s
constant and a tlow direction 1s time-dependent.

2. The device of claim 1, wherein the heavy-metal layer
comprises at least one of Ta, Pt, W, Pd, and Bi1,Se;.

3. The device of claim 1, wherein the ferromagnetic layer
comprises either an in-plane magnetic material or an out-
of-plane magnetic material.

4. The device of claim 3, wherein the in-plane magnetic
material comprises at least one of permalloy, yttrium 1ron
garnet, Fe, Co, NiFe, CoFeB, CoFe, YIG, and GdFe.

5. The device of claim 3, wherein the out-of-plane mag-
netic material comprises at least one of CoFeB, Co, CoFe,
(GdFe, and GdFeCo.

6. The device of claim 1, further comprising two first unit
cells, wherein one first unit cell 1s configured to be con-
trolled by an electrical current from the other first unmit cell.

7. The device of claim 1, further comprising a plurality of
first units cells that are configured to form a logic gate,
wherein the logic gate comprises one of an AND gate, an OR
gate, a NOT gate, a NAND gate, a NOR gate, and an XOR
gate.

8. The device of claim 1, wherein the non-collinear
current pulses are perpendicular to each other.

9. A SOT-MRAM device comprising a second unit cell,
the second unit cell comprising:

a heavy metal layer;

a iree layer on the heavy metal layer;

a spacer on the free layer;

a fixed layer on the spacer;

an anftiferromagnetic layer on the fixed layer; and
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a current source configured to transmit non-collinear

currents pulses 1nto the heavy-metal layer,

wherein the current source i1s configured to transmit

respective non-collinear current pulses with a phase
difference between them, and wherein a magnitude of
a sum of the respective non-collinear current pulses 1s
constant and a flow direction 1s time-dependent.

10. The device of claim 9, wherein the heavy metal layer
comprises at least one of Ta, Pt, W, Pd, and Bi1,Se;.

11. The device of claim 9, further comprising a first unit
cell, the first unit cell comprising a heavy metal layer; a
ferromagnetic layer or the heavy metal layer; and a current
source configured to transmit non-collinear current pulses
into the heavy metal layer, wherein the first unit cell 1s
coniigured to be controlled by an electrical current from the
second unit cell.

12. The device of claim 11, wherein the first unit cell 1s
configured to receive non-collinear current pulses into 1ts
heavy-metal layer.

13. The device of claim 9, further comprising a plurality
of first and second unit cells that are configured to form a

logic gate, wherein the logic gate comprises one of an AND
gate, an OR gate, a NOT gate, a NAND gate, a NOR gate,

and an XOR gate.

14. The device of claim 9, further comprising two second
unit cells, each as described 1n claim 9, wherein one second
unmt cell 1s configured to be controlled by an electrical
current from the other second unit cell.

15. The device of claim 14, wherein the one second unit
cell 1s configured to receive non-collinear current pulses into
its heavy-metal layer.

16. The device of claim 9, further comprising a plurality
of second unit cells configured to form a logic gate, wherein
the logic gate comprises one of an AND gate, an OR gate,
a NOT gate, a NAND gate, a NOR gate, and an XOR gate.

17. The device of claim 9, wherein the non-collinear
current pulses are perpendicular to each other.

18. A method of producing a qubit 1n a quantum comput-
ing structure; the method comprising:

providing a ferromagnetic layer on the heavy metal layer;

transmitting, by a current source, non-collinear current

pulses 1nto the heavy-metal layer; and

transmitting the non-collinear current pulses with a phase

difference between them, wherein a magnitude of a sum
of the respective non-collinear current pulses i1s con-
stant and a flow direction i1s time-dependent.
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